We have studied conduction-band (CB) electronic states of a typical valence-transition compound YbInCu 4 by means of temperature-dependent hard x-ray photoemission spectroscopy (HX-PES) of the Cu 2p 3/2 and In 3d 5/2 core states taken at hν = 5.95 keV, soft x-ray absorption spectroscopy (XAS) of the Cu 2p 3/2 core absorption region around hν ∼ 935 eV, and soft x-ray photoemission spectroscopy (SX-PES) of the valence band at the Cu 2p 3/2 absorption edge of hν = 933.0 eV. With decreasing temperature below the valence transition at T V = 42 K, we have found that (1) the Cu 2p 3/2 and In 3d 5/2 peaks in the HX-PES spectra exhibit the energy shift toward the lower binding-energy side by ∼40 and ∼30 meV, respectively, (2) an energy position of the Cu 2p 3/2 main absorption peak in the XAS spectrum is shifted toward higher photon-energy side by ∼100 meV, with an appearance of a shoulder structure below the Cu 2p 3/2 main absorption peak, and (3) an intensity of the Cu L 3 VV Auger spectrum is abruptly enhanced. These experimental results suggest that the Fermi level of the CB-derived density of states is shifted toward the lower binding-energy side. We have described the valence transition in YbInCu 4 in terms of the charge transfer from the CB to Yb 4f states.
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I. INTRODUCTION
A valence transition is one of the most fascinating phenomena observed in the strongly correlated 4f-electron systems. 1 Although rare-earth ions generally exist in a trivalent state in compounds, Sm, Eu, Tm, and Yb ions are often in a divalent state, while Ce ions are in a tetravalent state. Among them, YbInCu 4 is known as a typical material exhibiting the first-order valence transition at the critical temperature of T V = 42 K. [2] [3] [4] The magnetic susceptibility follows the Curie-Weiss behavior in the high-temperature (HT) phase above T V and the effective magnetic moment is estimated to be 4.64 μ B /Yb, 5 indicating the Yb valence (z) close to 3. The susceptibility abruptly decreases in the low-temperature (LT) phase below T V and shows the Pauli paramagnetic behavior. The lattice parameter expands by 0.15% below T V with the unchanged C15b-type crystal structure. 6 The lattice expansion is derived from an increase of the number of the Yb 2+ ions, the ionic radius of which is larger than that of the Yb 3+ ions by 10%. It indicates that the Yb valence is reduced to z ∼ 2.9 in the LT phase. Such a slight change of the electronic states causes a drastic change in the magnetic property from nonzero magnetic moment in the HT phase to no magnetic moment in the LT phase. The Kondo temperature (T K ) gives a measure of the hybridization strength between the conduction-band (CB) and Yb 4f states (c-f hybridization), and it is also related to the magnitude of the local magnetic moment. The T K value in the HT phase is estimated to be ∼25 K, while T K further increases to T K ∼ 400 K in the LT phase. 7 In the LT phase, as the c-f hybridization is increased, namely, T K is high, and the local magnetic moment is fully screened by the conduction-electron spin due to the spin-spin interaction.
A large number of studies for YbInCu 4 based on photoemission spectroscopy (PES) have been carried out mainly focusing on a change of the Yb 4f electronic states between the HT and LT phases. Recent progress in the field of hard x-ray PES (HX-PES) at several keV, 8 which has widely been recognized as a powerful method to investigate the bulk electronic states, enables us to detect more sharply the valence transition as a tremendous change of the Yb 3d core HX-PES spectra. 9, 10 We have evaluated the Yb valences to be z ∼ 2.90 in the HT phase and z ∼ 2.75 in the LT phase from the Yb 2+ and Yb 3+ structures in the Yb 3d HX-PES spectra measured at hν = 5.95 keV. 9 In contrast to the clear change of the Yb-derived electronic states, a behavior of the CB electronic states across the valence transition has not fully been clarified so far, although the CB states should also contribute to the valence transition together with the Yb 4f states. In the present study, we have attempted to detect how the CB states behave across the valence transition in YbInCu 4 , by means of HX-PES at hν = 5.95 keV for the Cu 2p 3/2 and In 3d 5/2 core states. We have also carried out soft x-ray absorption spectroscopy (XAS) in the Cu 2p 3/2 core absorption region (hν ∼ 935 eV) and soft x-ray PES (SX-PES) in the valence-band region excited at the Cu 2p 3/2 absorption edge (hν = 933.0 eV). The spectral changes accompanying the valence transition have successfully been observed in YbInCu 4 as well as the Y-doped system Yb 0.9 Y 0.1 InCu 4 with a lower transition temperature of T V = 25 K. 11 We discuss the behavior of the CB states at the valence transition in YbInCu 4 based on these experimental results.
II. EXPERIMENT
The Cu 2p 3/2 and In 3d 5/2 HX-PES experiments for YbInCu 4 and Yb 0.9 Y 0.1 InCu 4 were carried out at the xray undulator beamline BL15XU of SPring-8. Synchrotron radiation was monochromatized to 5.95 keV with a Si (111) double-crystal monochromator and a post Si (333) channel-cut monochromator. 12 The HX-PES spectra were taken by using a high-energy-resolution hemispherical photoelectron analyzer (VG Scienta R4000). The total energy resolution was set to 150 meV.
The Cu 2p 3/2 XAS and valence-band SX-PES at the Cu 2p 3/2 absorption edge of hν = 933.0 eV were performed at the soft x-ray undulator beamline BL23SU of SPring-8.
13,14
The XAS spectra were obtained with the total-electron-yield method by detecting photocurrent from the samples with the energy resolution of 80 meV. The angle-integrated SX-PES spectra were collected by using a hemispherical photoelectron analyzer (Gammadata Scienta SES-2002). The total energy resolution was set to 100 meV.
The binding energy of the HX-and SX-PES spectra is defined relative to the Fermi level (E F ), calibrated with the Fermi edge of Au-film spectra. The Yb 3d HX-PES spectra and valence-band SX-PES spectra are fully consistent with our earlier works 9, 15 with respect to the spectral feature and temperature dependence.
YbInCu 4 and Yb 0.9 Y 0.1 InCu 4 single crystals were grown by the flux method similar to that described by Sarrao et al. 16 Clean surfaces of the samples were obtained in situ by fracturing. All the experiments were carried out within the temperature range of 150-20 K and only measured on the first cooling through the valence transition in order to prevent defect formation in the sample 17, 18 by repeated passing through the transition.
16

III. RESULTS AND DISCUSSION
The PES spectra of the core states are sensitive to the change of CB states around the specific elements and the position of E F , which provide us with useful information on the behavior of the CB states across the valence transition.
19 Figure 1 shows the temperature dependence of the Cu 2p 3/2 HX-PES spectra of YbInCu 4 measured at 94, 72, 51, 40, and 27 K. As the lifetime broadening of the Cu 2p level is the narrowest among the Cu core levels, we expect that the Cu 2p spectrum is the most suitable for examining the chemical shift derived from the change of the CB states around the Cu site across T V . The inset of Fig. 1 Cu 2p We find no satellite structure in the higher binding-energy region of the 2p 3/2 and 2p 1/2 peaks. As is well known, an existence of the satellite structure in the Cu 2p spectrum is recognized as a fingerprint for valence states of the Cu ion. According to the previously reported Cu 2p 3/2 PES spectra of Cu 2 O with an essentially filled Cu 3d shell (3d 10 ) and CuO with an open 3d shell (3d 9 ), 20 the 2p 3/2 main peak of CuO (3d 9 ) at 933.2 eV is accompanied by the satellite structure, which is assigned to the 2p 5 3d 9 final states, on the higher binding-energy side at about 9 eV. The spectrum of Cu 2 O (3d 10 ), on the other hand, has only one main peak at 932.4 eV. Absence of the satellite structure in the Cu 2p 3/2 HX-PES spectrum of YbInCu 4 , thus, indicates almost fully occupied Cu 3d orbitals in the crystal. The Cu 2p spectral feature, which is similar to that of Cu metal, 21 is not changed at all between 94 (HT phase) and 27 K (LT phase), except for the energy shift as described below.
In Fig. 1 , dots represent the experimental results and thin solid lines the fitting results using a single line spectrum convoluted with the Lorentzian and Gaussian functions. Closed circles in Fig. 2 exhibit the binding-energy positions of the Cu 2p 3/2 peaks evaluated by the fitting procedure as a function of temperature. The Cu 2p 3/2 core level shows a sudden shift toward the lower binding-energy side by ∼40 meV from 51 to 40 K across the valence transition. We should note here that E F was carefully checked just before and after the measurements to deduce these results.
In order to confirm that the sudden energy shift is essentially related to the valence transition, we have measured the Cu 2p In order to further investigate the behavior of the CB electronic states around the Cu site across the valence transition, we examine the Cu 2p 3/2 XAS spectra of YbInCu 4 taken at 150 (HT phase) and 20 K (LT phase) as shown in Fig.3 . The absorption intensity is weak and the signal-to-background ratio (S/B) is about 1 as in Cu metal. The inset of Fig. 3 shows the 2p 3/2 XAS spectrum at 20 K in the wide photon-energy region. There are two peak structures around 935 and 940 eV and the 2p 3/2 main absorption peak around 935 eV further splits into two structures clearly at 934.6 and 935.6 eV. The XAS spectra are completely different from that of CuO (3d 9 ), where an intense peak due to the 2p 9 3d 10 final states is dominant, and also from that of Cu 2 O (3d 10 ). 22 The spectral feature is rather similar to that of the thin Cu layer with body-centered-cubic (bcc) structure with respect to the two peak structures around 935 and 940 eV, 23 apart from the splitting of the 2p 3/2 main absorption peak. The present result may imply that the Cu ions occupying the 16e site in the C15b-type structure are bonded directly to each other as in the Cu metal. It is different from CuO and Cu 2 densities of states (DOS) and found an excellent agreement between the experiments and theory. 23 According to their results, the XAS spectra of YbInCu 4 in the present experiments also reflect the unoccupied s and d partial DOS.
In Fig. 3 , we notice that the Cu 2p 3/2 XAS spectra exhibit a clear change between the HT (150 K) and LT (20 K) phases; (1) the energy position of the main absorption peak is shifted toward the higher photon-energy side by ∼100 meV at 20 K, keeping the spectral feature almost unchanged, and (2) a distinct shoulder structure appears below the main peak at 20 K as indicated by an arrow in the figure. These XAS results indicate that the unoccupied DOS derived from the CB electronic states around the Cu site are substantially changed across the valence transition.
In order to observe how the Cu-derived CB states are changed at T V , we have measured valence-band SX-PES spectra of YbInCu 4 at the Cu 2p 3/2 absorption edge of hν = 933.0 eV. Figure 4(a) shows the valence-band SX-PES spectra of YbInCu 4 in the wide binding-energy region taken at 150 and 20 K. The obtained SX-PES results are in agreement with our previous results of SX-PES at hν = 800 eV. 15 The prominent peaks in the vicinity of E F and at 1.45 eV originate from the Yb 2+ 4f 7/2 and 4f 5/2 states, respectively, and the multiplet structures at 4.5-12 eV from the Yb 3+ 4f states. The intensity of the Yb 2+ (Yb 3+ )-derived structure abruptly increases (decreases) between 50 and 40 K due to the valence transition. The temperature dependence of the Cu 3d-derived structures with the two peaks at 3.2 and 4.2 eV is negligibly small compared with that of the Yb 4f-derived structures. No resonance enhancement in the Cu 3d structures is detected around the Cu 2p 3/2 excitation region, in contrast to SX-PES spectra of CuO. 24 Only the Cu L 3 V V Auger electron-originated structures are prominent with a peak at 14.4 eV and small structures at 13.2 and 11.5 eV, which is almost identical with the Cu metal. 25 These results again indicate that the Cu 3d states in YbInCu 4 are almost fully occupied, consistent with the Cu 2p 3/2 HX-PES results. Figure 4 (b) shows details of the temperature dependence of the Cu L 3 V V Auger-derived structure. The Auger peak at 14.4 eV is enhanced significantly between 50 and 40 K across T V , keeping its whole feature almost unchanged. The intensity of the Auger peak is almost proportional to the absorption intensity 25 and its abrupt enhancement is considered to reflect the increase of absorption intensity at hν = 933.0 eV. The Auger spectrum of Yb 0.9 Y 0.1 InCu 4 also behaves similarly across T V as in YbInCu 4 .
Since the Cu 2p 3/2 XAS spectra in Fig. 3 reflect the unoccupied s and d partial DOS, the appearance of the shoulder structure below the 2p 3/2 absorption peak in the LT phase indicates that the unoccupied DOS are newly produced below T V . By taking into account that the Yb valence decreases in the LT phase, it is reasonably considered that the CB electrons around the Cu site are transferred into the Yb 4f level at T V leading to the valence transition in YbInCu 4 . Since the transition into the empty Cu 3d states mainly contributes to the Cu 2p 3/2 XAS spectra compared with that into Cu 4s states, we consider that the shoulder structure is derived mainly from the 3d states and that the Cu 3d electrons move into the Yb 4f levels at T V .
In the XAS spectra around 933 eV, the gradient of the spectrum becomes slightly steeper at 20 K with the appearance of the shoulder structure. It indicates that the unoccupied DOS at E F [N (E F )] increases in the LT phase, which is consistent with the experimental results of 63 Cu magnetic resonance studies on YbInCu 4 . 26 The positive value of the Knight shift K( 63 Cu) indicates that the s electrons dominantly contribute to K( 63 Cu), which suggests the charge transfer also from the Cu 4s states to the Yb 4f level at T V .
Based on the present results of the Cu 2p 3/2 HX-PES, Cu 2p 3/2 XAS, and Cu L 3 V V Auger SX-PES taken at the Cu 2p 3/2 absorption edge, here we describe the valence transition in YbInCu 4 in terms of the charge transfer from the CB states into the Yb 4f level. The CB-4f charge transfer is schematically shown in Fig. 5 based on a one-electron picture for simplicity. 27 The vertical axis represents the energy relative to E F . In the HT phase, most Yb ions are trivalent and the 4f orbitals have one hole. According to the band-structure calculation, E F in the HT phase is located in the quasigap region with low DOS except for the Yb 4f states as shown in Fig. 5 . 28 The low CB-DOS at E F is also experimentally supported from the Hall coefficient measurements on YbInCu 4 and LuInCu 4 in comparison with YbXCu 4 and LuXCu 4 (X = Au, Zn, Cd, Mg, and Tl). 29 With decreasing temperature across T V , the CB electrons are transferred into the Yb 4f level, and then some Yb ions become divalent in the LT phase. Consequently, assuming the rigid band, the Yb 4f states are shifted to the higher bindingenergy side and the CB-DOS to the lower binding-energy side. As the result, a higher CB-DOS is located just above E F in the LT phase and N (E F ) significantly increases because E F moves away from the quasigap region in the HT phase to the high DOS region in the LT phase. We consider that the shoulder structure in the Cu 2p 3/2 XAS spectrum at 20 K reflects the higher DOS at E F in the LT phase. The energy shifts of the Cu 2p 3/2 HX-PES and XAS spectra are also qualitatively understood from the E F position of the CB-DOS as shown by dashed lines in Fig.5 . The experimental results are, thus, well interpreted by considering the CB-4f charge transfer at the valence transition.
The rigid band shift under an assumption of the CB-4f charge transfer has already been suggested by Figueroa et al. 4 . The vertical axis represents the energy relative to E F and the Yb 4f -and CB-derived DOS are drawn based on a one-electron picture. In the HT phase, E F is located in the quasigap region with the low CB-DOS. Across the valence transition, the CB electrons are transferred into the Yb 4f level and some Yb ions become divalent. The CB-4f charge transfer causes the energy shifts of the Yb 4f-and CB-DOS toward the opposite side. Consequently, a higher CB-DOS is located just above E F in the LT phase and the increase of N (E F ) enhances the c-f hybridization. The CB-4f charge transfer is observed as the energy shifts in the Cu 2p 3/2 HX-PES and XAS spectra between HT and LT phases as shown by dashed lines.
hybridization strength , proportional to N(E F ), and the Kondo temperature T K ∼ exp[−ε f /(2J+1) ], where ε f represents an energy of the f level relative to E F and J = 7/2. This qualitatively explains the low T K in the HT phase (∼25 K) and high T K in the LT phases (∼400 K). 7 Our results provide experimental evidence for the CB-4f charge transfer across T V , which is a prerequisite for this model. 29 In order to further examine theoretically how the electronic structure of YbInCu 4 changes across the valence transition, we have performed the first-principles band-structure calculations for the HT and LT phases within the local density approximation (LDA) with the full-potential linearized augmented plane-wave method, calculating the Cu 2p 3/2 XAS spectra for comparison with the experimental results in Fig. 3 . Recently, we have found that the positional parameter x of the Cu ion, which occupies the 16e site (x,x,x) in the C15b-type structure, slightly increases across the valence transition, by means of synchrotron-radiation diffraction experiments for the YbInCu 4 single crystal. 30 In the present calculations, we took into account these results about the x values as well as the lattice constants (a); x = 0.62521 and a = 7.15952Å at 300 K for the HT phase and x = 0.62538 and a = 7.14737Å at 12 K for the LT phase. Figure 6 shows the theoretical Cu 2p 3/2 XAS spectra originating from the electric dipole transitions to the unoccupied Cu s and d components. The horizontal axis is energy relative to E F . For comparison with the experiments, the theoretical spectra have been convoluted with a Lorentzian function. We find that the XAS feature is almost determined from the transitions to the d components. The theoretical Cu 2p 3/2 XAS spectra are in good agreement with the experimental spectrum at 20 K (see Fig. 3 ) including the shoulder structure near E F except for the relative intensity of the double peak at 2-3 eV, which suggests that the LDA results reflect the electronic structure of YbInCu 4 in the LT phase. However, it should be noticed that the theoretical spectra do not show significant change between the HT and LT phases. The disappearance of the shoulder structure at 150 K and the energy shift of ∼100 meV between 20 and 150 K are not reproduced well by the present LDA calculation. The other theoretical partial DOS are also unchanged and the E F position, which is located around 0.25 eV below the quasigap region, is not shifted. Therefore, the LDA results indicate that the change of the experimental XAS feature is not due to the change of the local coordination around the Cu ion (x value) due to the valence transition.
The LDA results in agreement with the electronic structure rather in the LT phase would reflect the itinerant character of the Yb 4f states in the LT phase. On the other hand, the electronic structure in the HT phase would not be interpreted within the LDA because of the localized character of the Yb 4f states. To describe the observed energy shift of ∼100 meV, the change of the E F position between the HT and LT phases should properly be considered. Taking into account no shoulder structure in the XAS spectrum at 150 K, the actual E F position with respect to the quasigap region in the HT phase is expected to be closer than that of the LDA results because the shoulder structure stems from the DOS between the quasigap region and E F .
As is well known, LDA often does not give an accurate description of the electronic structure of the strong electron correlation systems such as the 4f and 5f ones including YbInCu 4 , and we need to go beyond the LDA for its description. The difficulty arises from their duality between localized and itinerant characters. To this end, for example, the combination of the LDA and dynamical meanfield theory (DMFT) (LDA + DMFT) has been applied to these systems. 31, 32 As regards YbInCu 4 , Thunström et al. reported the Yb f -partial DOS calculated based on the LDA + Hubbard-I approximation, which combines the manybody effects for the localized atomiclike states with the oneelectron picture to treat the delocalized states. 33 The theoretical result well reproduces the x-ray photoemission spectrum including the Yb 3+ 4f multiplet structures. However, the temperature dependence of Yb-derived states is not elucidated based on the LDA + Hubbard-I approximation.
Burdin and Zlatić discussed the thermodynamic and transport properties of the Ce, Eu, and Yb intermetallic compounds using the periodic Anderson model with an infinite correlation between the f electrons, and reported that the behavior of these systems is determined by ratio of T 0 /T K , where T K is again the Kondo temperature and T 0 the Fermi-liquid scale. 34 According to their discussion, the E F position of YbInCu 4 is close to the quasigap region in the CB-DOS, and this situation categorizes YbInCu 4 to the T 0 T K case, which leads to the abrupt transition from the HT phase with the local moment to the LT phase with the correlated Fermi-liquid state (see Fig. 3 in Ref. 34 ). In the LT phase, E F moves out of the quasigap region and the Kondo coupling increases. From the consideration of the free energy, they also point out that T K should be higher than T V . Their theory thus describes the physical properties of YbInCu 4 qualitatively. The present results are experimental evidence for their discussion based on the E F position of the CB-DOS. In order to reveal the mechanism of the valence transition in detail, further theoretical studies on the electronic structure of YbInCu 4 , including the CB-DOS feature and the E F position, are strongly required.
Finally, we briefly comment on the temperature dependence of the In 3d 5/2 HX-PES spectra of YbInCu 4 . If we consider the experimental results reflecting the rigid band shift, similar behavior should be observed in the In-related core HX-PES spectra. We find that the In 3d 5/2 level of YbInCu 4 is actually shifted toward lower binding-energy side by ∼30 meV with decreasing temperature from 51 to 40 K (not shown here) similar to the Cu 2p 3/2 level shown in Fig. 2 36, 37 They found that the Pd 3d 5/2 and 3d 3/2 peaks are shifted toward the higher binding-energy side by 50 meV with decreasing temperature from 300 to 20 K. By taking notice of the Eu valence in the HT and LT phases, which has the opposite behavior for the temperature dependence of the Yb valence of YbInCu 4 , the energy shift of the Pd 3d levels of EuPd 2 Si 2 is just the same phenomenon as those of the Cu 2p 3/2 and In 3d 5/2 levels of YbInCu 4 . The CB-4f charge transfer and the resultant shift of the E F position in the CB-DOS therefore play an essential role in the valence transition observed in the Yb and Eu compounds.
IV. CONCLUSIONS
We have investigated the CB electronic states of YbInCu 4 by means of the Cu 2p 3/2 and In 3d 5/2 HX-PES, Cu 2p 3/2 XAS, and valence-band SX-PES at the Cu 2p 3/2 absorption edge. With decreasing temperature across T V , the Cu 2p 3/2 and In 3d 5/2 HX-PES spectra are shifted toward the lower binding-energy side by ∼40 and ∼30 meV, respectively. We also find that the Cu 2p 3/2 XAS spectrum is shifted toward the higher photon-energy side by ∼100 meV with the appearance of the shoulder structure below the main absorption peak in the LT phase. These experimental results provide insight into the behavior of the CB states near T V ; the CB electrons move to the Yb 4f level with decreasing temperature across T V and the CB-4f charge transfer induces the valence transition in YbInCu 4 . The temperature-dependent energy shifts of the Cu 2p 3/2 and In 3d 5/2 levels and Cu 2p 3/2 XAS results can consistently be explained by the CB-4f charge transfer. Assuming the rigid band shift, the high CB-DOS is located near E F , producing the shoulder structure in the Cu 2p 3/2 XAS spectrum at 20 K. The large N (E F ) triggers the increases of the c-f hybridization strength and T K , which causes the disappearance of magnetic moment in the LT phase. The present experimental results indicate that the CB-4f charge transfer and the shape of the CB-DOS play an essential role in the valence transition in YbInCu 4 .
